A modelling suite for hydrogen transport during electrochemical permeation, degassing and thermal desorption spectroscopy is presented. The approach is based on Fick's diffusion laws, where the initial concentration and diffusion coefficients depend on microstructure and charging conditions. The evolution equations are shown to reduce to classical models for hydrogen diffusion and thermal desorption spectroscopy. The number density of trapping sites is found to be proportional to the mean spacing of each microstructural feature, including dislocations, grain boundaries and various precipitates. The model is validated with several steel grades and polycrystalline nickel for a wide range of processing conditions and microstructures. A systematic study of the factors affecting hydrogen mobility in martensitic steels showed that dislocations control the effective diffusion coefficient of hydrogen. However, they also release hydrogen into the lattice more rapidly than other kind of traps. It is suggested that these effects contribute to the increased susceptibility to hydrogen embrittlement in martensitic and other high-strength steels. These results show that the methodology can be employed as a tool for alloy and process design, and that dislocation kinematics play a crucial role in such design.
M a n u s c r i p t 1 Introduction
Prescribing hydrogen transport is critical to understand hydrogen embrittlement in metals, including ingress, storage and release [1] . These mechanisms depend on the ability for hydrogen to enter and diffuse within the bulk as various lattice imperfections act as trapping sites [2] . The surface represents an initial energy well for hydrogen to ingress and initialise diffusion in the metal [3] , whilst the hydrogen located in the traps must overcome a binding energy larger than that for lattice diffusion before it can be released [1] .
A number of experimental methods have been employed to study hydrogen diffusion in metals with distinct microstructures. For instance, electrochemical permeation testing (EP) has been used to determine the rate of adsorption of electrolytic hydrogen and its subsequent diffusivity [4, 5] . Similarly, thermal desorption spectroscopy (TDS) has been widely employed to estimate the trap binding energy by indirectly measuring the rate of hydrogen release during continuous heating [1] . Although these techniques provide good insights into hydrogen transport for a given material, they are highly sensitive to charging/heating conditions, the geometry of the specimen and initial microstructure [6] [7] [8] [9] .
Hence, modelling methods are needed to quantitatively interpret hydrogen-microstructure interactions in complex systems, such as the case of high-strength steels.
Oriani [2] has proposed a thermodynamic model based on local equilibrium between the hydrogen situated in the lattice and in the traps. This assumption allows obtaining a direct relationship between the equilibrium hydrogen concentration in the lattice (c L ) and in the traps (c t ), as well as estimating the effective diffusion coefficient including trapping effects:
where N l and N t are the total lattice and trapping sites in the material, respectively, E b is the trap binding energy with hydrogen, Q is the activation energy for hydrogen lattice A c c e p t e d M a n u s c r i p t diffusion, D 0 is the lattice diffusion coefficient prefactor, R gas is the gas constant and T is the absolute temperature. These equations do not account for kinetic effects and hydrogen interactions with the traps. Similarly, Fischer et al. [10] have also used the local equilibrium assumption to describe interstitial diffusion in metals with multiple trapping species.
A number of models for mass transport and desorption have been proposed to understand hydrogen diffusion under the presence of single or multiple trap species [3, [11] [12] [13] [14] [15] [16] .
For instance, Choo and Lee [1] applied the Kissinger equation [11] to describe the rate of hydrogen release during thermal desorption spectroscopy; although this relationship has been widely applied to estimate E b via identifying the peak temperature T c (maximum desorption rate) [17] [18] [19] , it has been shown that the sample dimensions and density of traps affect T c [9, 16] . Another important approach for hydrogen transport was introduced by McNabb and Foster [12] . They proposed two coupled diffusion equations for lattice (c L ) and trapped (c t ) hydrogen, where the rates of capture and escape depend on E b .
This model has been applied to study permeation and desorption tests [20, 21] , however it requires a number of parameters to be identified.
Due to the need to incorporate various fitting parameters, these models fall short in identifying optimal microstructures for hydrogen resistance, especially when various metallic systems are considered. Another implication of these limitations is the scatter in trapping parameter values reported by different authors [22] [23] [24] . This issue is critical in materials susceptible to hydrogen embrittlement due to the presence of multiple trap species altering the overall mobility of hydrogen. Moreover, it has been observed experimentally that the apparent diffusivity during electrochemical permeation not only depends on the microstructure but also on the charging conditions [8, 22] . This shows that, in spite of the previous results, there is no unified description for hydrogen transport able to describe hydrogen permeation, desorption and release, including the relevant processing parameters, sample geometries and microstructural features. The wide application of Oriani's equations to estimate hydrogen diffusivity in various materials suggests that, to some extent, local-equilibrium may hold for the time and length scales of EP M a n u s c r i p t and TDS, and for low H content. This also implies that Fickian diffusion models could be sufficient to describe hydrogen diffusion.
The objective of this work is to introduce a unified description for hydrogen transport combining electrochemical permeation, thermal desorption and degassing. This is to define a methodology for process design and to identify optimal microstructures reducing hydrogen diffusivity. The formulation is based on postulating Fickian diffusion equations including the relevant microstructural features, testing conditions and (threedimensional) geometries affecting the overall diffusion behaviour. An expression for the apparent diffusion coefficient during permeation D perm including the effects of charging conditions and microstructural features is obtained. Additionally, using the local equilibrium assumption to compute the diffusion coefficient, it is possible to estimate the egress of hydrogen when various microstructural features act as trapping sites. This allows to consolidate the descriptions for diffusion during ingress, storage and release adopting the same set of parameters for various alloy grades and similar microstructures. This is demonstrated by applying the models to several steel grades, including ferritic, martensitic, bainitic, pearlitic and austenitic, as well as in polycrystalline nickel. A parametric analysis on hydrogen transport in martensitic steels, a system with multiple kinds of traps, is performed to understand the role of different microstructural features in trapping events.
Modelling transport kinetics during electrochemical charging
Electrochemical charging allows to measure the hydrogen permeation rate and the apparent diffusion within a metal. There are two regimes during permeation [4, 25, 26] : I) a transient region induced by electrochemical reactions at the sample's surface; and II) a steady state, where the variation in the concentration and current density is constant.
Additionally, electrochemical charging is widely employed for thermal desorption spectroscopy studies to increase the hydrogen content in the material to understand trapping A c c e p t e d M a n u s c r i p t behaviour. Hence, it is also important to study hydrogen ingress not only to understand diffusion but also to provide the initial spatial concentration distribution of hydrogen for TDS.
The H permeation rate depends on several factors including oxide layer formation, cathodic current density, sample dimensions and internal microstructure [4, 5, 26, 27] . Permeation can be described by standard diffusion equations if it is assumed that the oxide layer represents an additional energy barrier for diffusion [4, 28] . This assumption is valid when the sample thickness is larger than ∼ 0.1 mm [28, 29] . The cathodic current density (I c ) affects permeation by modifying the rate at which hydrogen atoms are introduced into the metal by electrochemical reactions. However, increasing I c not only affects the steady-state permeation rate (effective H concentration) but it also accelerates the transport of H through the sample [8, 30] . Hence, the net mass flux within the specimen (J)
should include the contributions of diffusion in the lattice and traps J dif f and diffusion promoted by electrochemical charging J chem :
The H concentration profile in the sample is determined by the density of traps and Figure 1 (a) shows a schematic representation of the diffusion landscape for hydrogen in one dimension: after it enters the sample from the cathodic polarisation and overcomes E perm (left), the permeation (oxidation) activation energy, hydrogen atoms will diffuse in the lattice until they encounter a trap (concentration well) * . The trap landscape depends on the microstructure and it is described by the function c well (x), where the saturation concentration is c(x) = c sat for x within the trapping wells ( Fig. 1(a) ), and c well (x) = 0 for x different to the interval x 0 , where a trap is located. Hydrogen atoms are adsorbed to a trap (gray areas) until the well is saturated and the remaining hydrogen atoms continue diffusing across the lattice until finding the next trap. Figure 1 (b) shows a onedimensional representation of the energy landscape for hydrogen diffusion † . Although an * Only one kind of trap is considered in the description of permeation, degassing and thermal desorption; the extension to multiple trap species is presented in Section 5.
† It is worth noting that in a three dimensional scenario hydrogen diffusion will not be necessarily A c c e p t e d M a n u s c r i p t additional energy barrier might be required for hydrogen to enter the traps [31] , it will be assumed null since there is limited experimental information on how this barrier affects the diffusion profile. This results in J dif f being by given the difference between c well (x) and the actual concentration in the sample [32] :
where D is the diffusion coefficient in the material (equation 1). Although the diffusivity of hydrogen varies locally due to the inhomegeneous energy landscape (Figure 1(b) ), in order to define an apparent diffusion coefficient, we consider a homogeneous trapping landscape to avoid describing local variations in the diffusion parameters. This is consistent with the assumption of local equilibrium between the free and trapped hydrogen atoms employed to estimate D in equation 1 [2] . Frappart et al. [22] have suggested that the apparent diffusion restricted to pass through the trap, as opposed to a one-dimensional domain.
A c c e p t e d M a n u s c r i p t coefficient during permeation can be determined considering the system (steel + oxide layer) as a homogeneous representative volume element. This is done by incorporating an additional term in the activation energy for hydrogen lattice diffusion, Q + E perm , in equation 1, where E perm accounts for the increase in the energy barrier due to hydrogen ingress [22] . E perm has been found to hold values for iron and nickel in the range [4, 5, 27, 33, 34] : 11 ± 2 kJ/mol. E perm = 13 kJ/mol will be assumed for both systems, including iron in the austenitic phase.
Faraday's law dictates that the rate of hydrogen atoms liberated to the metal's subsurface (J chem ) is controlled by the rate of electric charge passing through the sample at a given time. This has been found to be proportional to I 1/2 c , the lattice diffusion coefficient D 0 , and the variation in the concentration of the absorbed hydrogen into the specimen, ∇ c well − c perm [4, 5, 35] :
where κ is a constant and 1+ 
with D perm being the apparent diffusion coefficient. κ = 9×10 −5 m A −1/2 was adjusted for ferritic, martensitic, bainitic and pearlitic steels, whereas κ = 2×10 
which represents a set of three ordinary differential equations that individually depend on t, r and z and can be solved by conventional methods. If there is no hydrogen initially in the sample, the initial condition is set c perm (r, z, 0) = 0. Additionally, since the density of traps determines the steady state permeation flux [36] , the boundary conditions are set to correspond to a constant concentration c sat at the surface of the sample (r = R and z = −L/2, L/2); this is mathematically expressed
(r, L/2, t) = 0. The solution of equation 5 with these conditions is given by the series [37] :
where λ n = 
Initial concentration
Several authors have found that the saturation concentration of hydrogen c sat increases with the steady state permeation density I ∞ , via the increase in the charging density (I c ) according to [9, 21, 30, 33, 38] ‡ :
. Additionally, the saturation concentration in the trapping wells depend on the total number density of trapping sites N t [7] . These results are combined to obtain c sat :
where n 0 [H atoms m / A 1/2 ] is a constant that depends on the electrochemical solution, and A surf is the surface area of the sample that is exposed to electrochemical charging [39] .
The concentration profile in the specimen during permeation is obtained by combining A c c e p t e d M a n u s c r i p t than at coherent carbides. However, this result contradicts the estimated concentrations from TDS, where higher hydrogen content was measured in semicoherent carbides [39, 41] .
Similarly, Depover et al. [19] showing that hydrogen remains at the interface of the TiC [41] , hence its concentration being only dictated by the density of trapping sites. However, these effects might also be controlled by the effective energy barrier for hydrogen to ingress in the trap and further theoretical investigation would be required to quantify these effects [31, 43] . These results
indicate that E b should mainly affect the H diffusion profile and N t controls the saturation concentration.
Transport kinetics during degassing
Vacuum degassing is a standard process during manufacturing of a high-strength component to reduce the hydrogen content in the material and decrease its susceptibility to hydrogen embrittlement. It has been suggested that hydrogen captured by traps with low binding energy escapes out of specimen during this process, traps with high E b are able to store hydrogen for a longer time [44, 45] . From a process design point of view it is interesting to assess the efficiency of the traps when a number of microstructures are present. Additionally, degassing is commonly employed as an intermediate step between electrochemical charging and thermal desorption spectroscopy.
Degassing can be modelled following the same methodology than in the previous section. In this case, the net mass flux within the specimen (J degas ) is given only by the flux of the trapping wells releasing the hydrogen from the sample into the environment, as M a n u s c r i p t I c = 0 [22] ; this is mathematically expressed as:
where c degas is the concentration of hydrogen in the traps during degassing, and D is the material's H diffusion coefficient. Since there is no external flux during degassing, it can be assumed that D is solely controlled by the rate of hydrogen being released at the traps and employ equation 1. Using Fick's second law a standard diffusion equation for a cylindrical specimen is obtained for c degas which solution,
satisfies the initial condition (concentration) c degas (r, z, 0) = c 0,degas and boundary conditions such that a constant concentration c 0,degas at the surface of the sample is held throughout degassing, i.e.: c degas (R, z, t) = c 0,degas ,
(r, L/2, t) = 0. The formulation for c degas in a plate-shaped sample is shown in the Appendix. This result is consistent with similar models for degassing [44, 45] , however in this case we will consider the role of microstructure explicitly. The combination of equations 1 and 10 allow us to obtain the concentration profile during degassing hydrogen in the specimen. This solution will also enable us to describe hydrogen release during thermal desorption when degassing is an intermediate step between electrochemical charging and TDS.
Transport kinetics during thermal desorption
Thermal desorption spectroscopy accelerates hydrogen release by continuous heating and rapidly decreasing the concentration of hydrogen (c desorp ) in the sample. Hydrogen release from the specimen is monitored as a function of temperature (or time), where the peaks in the desorption rate ( 
This equation is differentiated with respect to t to obtain the desorption rate. For a constant heating rate φ, the desorption rate equals § :
The diffusion coefficient varies according to (equation 1):
Thermal desorption profiles can be obtained combining equations 12 and 13. A similar description for plate-shaped sample geometry is shown in the Appendix. The results allow us to have a unified description of hydrogen transport under different scenarios if the trapping parameters are known.
Trapping parameters and multiple trap species
One of the most important aspects of the model is determining the trapping parameters for a given material. The binding energies of the microstructural features included in this study have been estimated experimentally and using atomistic simulations by several authors; however, in most cases the scatter in the energies is wide. Table 1 shows the range of values of E b and the values employed in this work for the microstructures under consideration. These values are fixed constant for all alloys tested. The binding energy of lamellar cementite (pearlite) is considered higher, as this structure strongly alters hydrogen migration paths [46] . This increases the probability for hydrogen to become trapped at the interior of the lamellae, which binding energy is higher than at the ferrite/cementite § A negative sign is added to this equation to describe the rate of loss in concentration during desorption.
A c c e p t e d M a n u s c r i p t interface [43] . [31, 42] As for the density of trapping sites, we highlight the fact that the diffusion length of hydrogen is dictated by the mean free path of the traps. The encountering frequency of hydrogen in the lattice and the trapping wells should be proportional to the mean spacing of the respective microstructural feature Λ, i.e.,
, where r t is the width of the trap.
For the case of dislocations Λ is given by the mean dislocation spacing (1/ √ ρ, where ρ is the dislocation density) and r t = πb [16] , where b is the Burgers vector; similarly, for grain boundaries Λ equals the mean grain size D g and r t = b [16] . For the case of finely dispersed spherical precipitates, Λ p = r p π fp 1/2 ¶ , where f p is the volume fraction and r p is the mean radius. Since hydrogen atoms can be trapped at any location of the particle's interface, an additional factor is included; it equals the surface area width per unit volume [50] :
. r t is considered as half the arc-length of the particle πr p . The number density of these traps equals:
¶ The mean spacing between particles is considered in two dimensions, since most of the experimental characterisation has been performed using two-dimensional images.
M a n u s c r i p t
where Equations 14 provide a direct link between microstructure and trapping densities; N dis , N grain and N p stand for the number density of traps at dislocations, grain boundaries and precipitates, respectively.
When multiple species of non-interacting traps are present in the sample, it has been shown experimentally using TDS that the total concentration of hydrogen can be estimated by adding the individual concentration of the thermal desorption peaks [17, 18, 41] . This is also consistent with modelling results showing that the increase in hydrogen content is the summation of the contribution of all the traps present in the sample [10] . 
Equation 6 now becomes:
, which solution is simply the summation of the individual solutions. An analogous description can be made to show that this result holds during degassing and permeation.
The concentration evolution during permeation, degassing and thermal desorption due to different kinds of traps is equal to:
M a n u s c r i p t where the respective trapping parameters and initial concentrations are identified individually using the results in Sections 2, 3 and 4. This result allows us to deconvolute in a simple and efficient fashion the contributions of distinct microstructures affecting hydrogen transport. These models results are now tested under different conditions and microstructures.
Materials and methods
The models for hydrogen transport are compared against experimental data obtained from the literature and data produced in this work. Hydrogen charging, degassing and desorption were experimentally studied on three steel grades: 100Cr6, 100Cr6+0.5V and 100CrMnMoSi8-4-6; the first two alloys are fully martensitic, whereas the latter is fully bainitic. Table 2 shows the chemical composition of the materials tested. This covers a variety of steel grades, including 4 ferritic, 5 martensitic, 3 pearlitic, 1 bainitic and 3 austenitic, as well as 3 tests in pure nickel. It is interesting to note that Mart/Pearl was tested as tempered martensite and cold-drawn pearlite to compare the influence on the microstructure in the same steel grade [17] .
Another important aspect to consider is the geometry of the sample for each material tested. Table 3 A c c e p t e d M a n u s c r i p t 
A c c e p t e d M a n u s c r i p t Table 3 : Geometry of the samples tested in this work. 100Cr6, 100Cr6+0.5V and 100CrMnMoSi8-4-6 casts were spheroidised to improve machinability, following the schedule outlined in [55] . Both 100Cr6 and 100Cr6+0.5V specimens were cut into cylindrical dilatometry samples (8 mm diameter and 12 mm long) and heat treated in vacuum in a Thermecmaster dilatometer with helium quenching gas at a cooling rate of 25 • C/s. 100Cr6 and 100Cr6+0.5V casts were treated according to the schedules M a n u s c r i p t designed by Szost et al. [23] , respectively. After heat treatment each sample was reduced to a coin-shape geometry (Table 3) . 100CrMnMoSi8-4-6 samples were treated according to the schedule outlined in [56] : they were heated to 885
• C for 20 minutes in salt, then quenched to 235
• C and held for 14 hours, at the end they were left to cool on air at room temperature, then washed. After heat treatment, 100CrMnMoSi8-4-6 samples were cut into rods (Table 3) .
Hydrogen charging was performed at different times in a cathodic electrolysis process.
The hydrogen charging cell is a galvanic cell consisting of an anode and surrounded by a platinum counter electrode wire which serves as cathode, both are submerged in a waterbased electrolyte of 3 wt% NaCl + 0.3 wt% NH 4 SCN (ammonium thiocyanate). During the charging process, an electrical current is applied between the anode and the cathode with a current density 1 mA cm −2 , which causes the water in the electrolyte to break down, releasing oxygen gas at the anode and hydrogen gas at the cathode. After being separated, the electrolyte is purged from oxygen by nitrogen or argon gas produced into the cell to prevent the reaction between the two gasses. After hydrogen charging, the samples were cleaned with IMS (Industrial Methylated Spirits), surface re-polished using 2500 grit SiC paper to remove the oxide layer, rinsed with isopropanol, then dried. The specimens were left at room temperature for degassing before testing in TDS, then heated inside the TDS furnace tube to measure the trapped H escaping during the heating. As heating proceeds, hydrogen is released and mixed with the carrier gas (helium) that flows continuously through all the system at a flow rate of 10 ml/min. The sample gas was analysed at 3 minutes intervals. Hydrogen is released continuously from the sample with time at a heating rate of 100
• C/h. During the test the steel sample is heated from room temperature to approximately 400
• C. The measurements were performed with Agilent Technologies 7890B GC system.
Determination of the microstructure
A number of microstructural features were obtained directly from experimental characterisation, including grain size, as well as particle fraction and mean radius. For 100Cr6
A c c e p t e d M a n u s c r i p t and 100Cr6+0.5V the microstructure has been previously characterised in [23] , and for 100CrMnMoSi8-4-6 in [56] . For the case of Martensitic B, since this alloy has carbides with mixed elements (Mo and V), f p and r p are taken from the estimations by Yamasaki and Bhadeshida [42] for a tempered steel with similar Mo and V content. Additionally, M 2 C carbides are rod-shaped, and an effective radius is considered to estimate N p :
, where L p is the particle length. An aspect ratio of
Lp dp = 5 is considered based on experimental observations [42] .
The dislocation density was not reported in various cases and different methods were employed to estimate ρ based on the specific material's processing conditions. For the case of ferritic steels, ρ was estimated using Taylor's equation:
where σ is the flow stress at the given strain, σ Y is the yield stress, M = 3 is the Taylor The dislocation density for martensitic steels (Martensitic B, Mart/Pearl, 100Cr6 and 100Cr6+0.5V) was calculated using a model previously defined by the authors [58, 59] . It includes the effects of carbon content and tempering conditions in ρ and it can be applied to the steels tested in this work. Details on the calculations can be obtained from [58, 59] .
Tempering conditions for each steel were reported in the referring article. ρ in Martensitic A was obtained from [22] . For the case of 100CrMnMoSi8-4-6, ρ was assumed based on typical values for bainitic steels [60] . ρ in pearlitic steels has been estimated by Guo et al. [61] to lie in the range 10 14 − 10 15 m −2 ; the values shown for Mart/Pearl (in pearlitic form), Pearlitic A and Pearlitic C, were assumed based on their relative yield stress values:
1400 [17] , 1838 [18] and 1192 MPa [44] , respectively. ρ in Nickel A was considered low, since they its previously annealed, whereas for Nickel C, the dislocation density of a 90 M a n u s c r i p t % cold-rolled specimen was considered [57] ; no grain size was reported. Different grain sizes were tested in Nickel B [34] .
For pearlitic steels, since the cementite lamellae boundaries dictate the hydrogen diffusion rate [46] , N t /N l in equation 14 is considered the same as for grain boundaries:
, where Λ F e3C is the mean lamellar spacing; these values are shown in Table   4 as r θ , and are estimated from [18] . Table 4 : Microstructures of the materials tested in this work. It is interesting noting that the three models are tested simultaneously in several alloys, since permeation and degassing provide initial concentration for thermal desorption analysis. Table 5 shows the charging conditions for the materials tested, as well as the n 0 values adjusted. It is worth noting that n 0 was constant for a given charging electrochemical solution, although these values might differ in other materials. Gas pressure permeation tests were conducted in TWIP, Nickel A and C, and n 0 and D perm,0 were adjusted to match the experimental data; this is to allow us to evaluate temperature effects in the permeation profiles. No information on charging conditions for thermal desorption tests were reported for Nickel C and c 0,desorp were adjusted to the experimental desorption analysis. Ferritic D was charged by gas pressure, however this value is not necessary to estimate, since only the peak temperature for different heating rates is employed. I c was not reported for Pearlitic A and 1 A m −2 was assumed in the calculations. Similarly for Pearlitic B no charging conditions were provided and the initial concentration was adjusted to match the experimental data. For AISI 310, the current density was approximated using the cathodic overpotential reported in [53] with the estimation of I c reported by Wu [5] .
A c c e p t e d M a n u s c r i p t . This can be due to the thickness of the sample being too low, since the oxide layer forming at the surface has stronger influence in the permeation rate in very thin sheets [28] . It is also interesting noting that dislocations also dictate the time for saturation, as the precipitates saturate quickly. These results show that dislocations have a strong influence in the overall hydrogen transport process, as they take longer time to saturate during permeation and are released quickly during degassing. (Table 5 ). Figure 5(a) shows the model and experimental results in Ferritic C containing different dislocation densities showing good predictions in the temperature range and heigh of the peaks. In Figure 5 (b), desorption results are shown in Mart/Pearl in both martenstitic (blue) and pearlitic (red) form; the first peak in pearlite is due to dislocations, whereas the second peak is due to lamellae of cementite.
In both cases the model shows good agreement with the experimental results in the temperature range and heigh of the peaks in Pearl, however, lower height is predicted in Mart; this could be due to a different number density of traps being present in the material (Table 4 ). show peak temperatures at 350
• C, however a second peak is also measured at 250 − 275
• C. Although the nature of this behaviour was not identified in [18] , when comparing these results with additional measurements in the same material and with Mart/Pearl (pearlite), no two-step peaks were measured. This suggests that the spread in the peaks could correspond different lamellae alignments and slowing down the detrapping rate [46] ; nevertheless, the total concentration in the peak is well reproduced (Figure 4(a) ). Figure   5 (d) shows the effects of the heating rate in the peak temperature in cold-drawn Ferritic D, where the model is able to capture the variation rate in the peak temperature with φ. However, it shows lower values by 40-50 K. This can be due to a different dislocation density being present in the material (Table 4) . hours of electrochemical charging. The model shows good results in the peak temperatures, however it predicts higher peaks and narrower spread the desorption rate than the experimental results. This can be due to the fact that this high-carbon steel contains a very high dislocation density that may alter the interactions between hydrogen and the total number of trapping sites and the linear summation of the concentration of different trapping species might no longer hold. This is shown by predicting that dislocations strongly influence the hydrogen concentration during charging (b) and degassing (c), as the concentration in cementite does not decrease much. Additionally, the assumption of M a n u s c r i p t describing diffusion at the centre of the sample might not be sufficient due to the slow diffusion and a different estimation could be adopted. Nevertheless, the total concentration of hydrogen estimated from TDS lies in the same range ( Figure 6(c) ). Figure 6(d) shows the effect of vanadium in 100Cr6 martensitic steel series, where more hydrogen is trapped on 100Cr6+0.5V (red) due to the higher number density of strong carbides, than in the base alloy (blue). In both cases the model describes well the experimental measurements. It is worth noting that for the case of 100Cr6, most of the hydrogen has been released from the dislocations (green dashed lines are practically null) due to the degassing step and the remaining concentration is due to hydrogen being trapped at the cementite, where the solid blue (total) and orange dotted (Fe 3 C) overlap. a dual-phase alloy [54] : 
Discussion
A unified modelling framework for describing hydrogen transport during electrochemical permeation, degassing and thermal desorption spectroscopy has been proposed. The methodology includes relevant features such as electrochemical charging conditions, threedimensional geometry, and a direct link between the trapping parameters and microstructural features. The diffusion profiles during permeation were obtained by including the increase in the energy barrier for diffusion due the formation of an oxide layer at the surface and a diffusion term from the electrochemical charging process accelerating mass A c c e p t e d M a n u s c r i p t transport. The effect of charging parameters on hydrogen permeation has been studied previously by a number of authors [4, 5, 26, 27] . It has been observed that the apparent diffusivity during permeation D perm not only depends on the microstructure but also on the square root of the charging current density I 1/2 c [8, 22] . It was shown by the current model that this is due to the increase in charging current increasing the electric charge passing through the sample and accelerating the diffusion process. The models for degassing and thermal desorption were described by estimating the rate at which trapping wells release hydrogen atoms into the lattice and the environment under homogeneous diffusion.
The number density of traps was found to be proportional to the linear spacing of the respective microstructural feature. This is due to the diffusion paths of hydrogen atoms follow a line (in a 3-D space) and the probability for an atom to encounter a trap is dictated by the mean free path of the crystal defect [32] . This allowed us to apply the model to different steels using the same binding energies and trapping parameters in the three scenarios of permeation, degassing and desorption. Although two parameters were adjusted, κ and n 0 , the former was constant for all steels tested that were not austenitic; κ holds the same values for distinct austenitic steels. Similarly, n 0 was shown to depend only on the electrochemical solution employed for charging each sample, although it might also depend on the crystal structure. This shows that these parameters only depend on the experimental setup of eletrochemical charging and are independent on the microstructure and sample geometry. For materials with a high number density of traps, the models for thermal desorption were successful in predicting the peak temperatures, however they failed to fully predict the desorption profiles. This was due to Fickian diffusion not accounting for interaction between traps. Nevertheless, the methodology is satisfactory in identifying trapping effects during permeation, degassing and thermal desorption and can be conceived as a tool for process and microstructural design to prevent hydrogen embrittlement.
A c c e p t e d M a n u s c r i p t 
where x K is the fraction of hydrogen released at a given time; Q+E b is the trap activation energy, and m and A Kiss are fitting constants. Q + E b is related to the peak temperature T c (maximum desorption rate) via the relation:
where φ is the heating rate. Although this relationship has been widely applied to estimate E b from TDS experiments [17] [18] [19] , the peak temperature T c in fact depends on A Kiss and
This implies that equation 18 can only be used to estimate the binding energy if A kiss and m are known. Moreover, no information on the dimensions and microstructure are included in this analysis.
Using the model introduced in this work and defining the variable
x mn represents the fraction of hydrogen released at a given time by the m, n term in equation 11. In order to simplify the analysis, it is assumed that
A c c e p t e d M a n u s c r i p t
. Differentiating x mn with t it gives:
where
). This result shows that the Kissinger equation (17) is virtually reproduced by using Fickian diffusion. Moreover, the effects of sample geometry and microstructure are explicitly described in the rate factor A mn .
Another important approach typically employed for hydrogen transport was introduced by McNabb and Foster [12] . They proposed a modified diffusion equation for trapped hydrogen:
where N t is the number of trapping sites per unit volume, θ t = c t /N t is the trapping 
; all the models found in our approach follow an exponential variation in t. These results show that the models proposed in this work are consistent with classical approaches for hydrogen transport.
Parametric analysis in martensitic steels
Martensitic steels are highly prone to embrittlement from hydrogen atoms located in the lattice [63] . In the context of hydrogen diffusion, it is interesting to study the effects of distinct microstructural features affecting hydrogen transport in these steels, since hy-A c c e p t e d M a n u s c r i p t drogen mobility can vary substantially depending on the carbon content and tempering conditions of the steel [58, 59] . Figure 9 shows hydrogen concentration and transport during permeation, degassing and desorption in steels with different dislocation densities and particle sizes, where Fe 3 C and vanadium carbides (M 4 C 3 ) are considered. evident that vanadium carbides are effective trapping sites, since the will slow down diffusion during degassing ( Fig. 9(b) ) and trap hydrogen rapidly during charging ( Fig. 9(c) ).
Figure 9(d) shows the variation in peak temperature during desorption where it shifts to higher values as the trapping density increases. For instance a steel with ρ = 6 × 10 14 m −2 and r F e 3 C = 40 nm will show a single peak. This is consistent with experimental results found in 100CrMnMoSi8-4-6 and 100Cr6 series, where a single peak was found to be the summation of hydrogen trapped at dislocations and cementite. More importantly, this also shows that high-strength steels will display peaks at higher temperatures due to the high number density of traps, hence avoiding the need of fitting very high trapping energies [24] .
These results show that hydrogen mobility in martensitic steels can be strongly controlled by dislocations, as they can release hydrogen to the lattice more rapidly than other kinds of traps due to their low binding energy (Table 1 ) and can accumulate a high fraction of the hydrogen content in the steels. These combined effects can contribute to the in-M a n u s c r i p t creased susceptibility for hydrogen embrittlement in martensitic and other high-strength steels, via increasing the concentration of hydrogen in the lattice during plastic deformation when dislocations release them [64] . Nevertheless, the introduction of stronger traps, such as vanadium carbides, can help to counteract this effect by strongly trapping the released hydrogen in the lattice [23] . These results can be combined with models for mechanical properties to design hydrogen-resistant steels. 
Conclusions
The following conclusions are outlined
• A unified modelling suite for hydrogen transport was introduced to describe electro-A c c e p t e d M a n u s c r i p t chemical permeation, degassing and thermal desorption spectroscopy. The models, based on Fickian diffusion, showed to be valid in different steel grades including ferritic, martensitic, pearlitic, austenitic, as well as in polycrystalline nickel. This shows that the methodology can be employed as a tool for alloy and process design.
• The models presented in this work were shown to be equivalent to classical models for hydrogen diffusion and thermal desorption spectroscopy.
• The number density of trapping sites was found to be proportional to the mean spacing of the traps. This relationship was shown to hold for dislocations, grain boundaries and nano-scaled precipitates.
• The linear nature of Fickian diffusion allowed us to conclude that hydrogen kinetics under the presence of multiple kinds of traps can be described by adding the individual contribution of each trap for a moderate trap number density. However, the models for thermal desorption failed to fully predict the diffusion profiles in materials with a high number density of traps due to Fickian diffusion not accounting for interaction between traps. Extensions accounting for this limitation will be explored in future work.
• The apparent diffusion coefficient during permeation was shown to increase with increasing trapping capacity and charging current density; the latter increases the rate of electric charge passing through the sample and increasing the net mass flux.
• Systematic studies of different microstructural features affecting hydrogen diffusion in martensitic steels demonstrated that dislocations control the mobility of hydrogen, being these responsible to the increased susceptibility to hydrogen embrittlement of these steels. 
